Abstract: Microparticle and microfiber induced near-field laser heating has been widely used in surface nanostructuring. Information about the temperature and stress fields in the nanoscale near-field heating region is imperative for process control and optimization. Probing of this nanoscale temperature, stress, and optical fields remains a great challenge since the heating area is very small (~100 nm or less) and not immediately accessible for sensing. In this work, thermal probing of a single microparticle and microfiber induced near-field focusing on a substrate with laser light is conducted experimentally and interpreted by high-fidelity simulations. The laser ( = 532 nm λ ) serves as both heating and Raman probing sources. It is very interesting to note that variation of the Raman intensity, wavenumber, and linewidth all can be used to precisely capture the size of the micro-size subject on the substrate. Nanoscale mapping of conjugated optical, thermal, and stress effects, and the de-conjugation of these effects are performed. The effect of the laser fluence on the temperature and stress in the nanoscale heating region is investigated. With laser fluence of 3.9 × 10 9 W/m 2 and for a 1.21 μm silica particle induced laser heating, the maximum temperature rise and local stress are 58.5 K and 160 MPa, respectively. For a 6.24 μm glass fiber, they are 33.0 K and 120 MPa, respectively. Experimental results are explained and consistent with three-dimensional high-fidelity optical, thermal and stress field simulation.
Introduction
Micro/nanoparticles have outstanding optical properties and can be used to synthesize opaline colloidal crystals which exhibit photonic band gaps effect in the visible range [1] . Optical micro/nanofibers offer unique mechanical and optical properties, including large evanescent fields, high-nonlinearity, and strong optical confinement, which can be applied to reinforce plastics materials by improving their structural properties [2] . Nanotextured surfaces with enhanced physical and/or chemical properties can be produced using particles [3] . Large-area fabrication of nanoscale photonic structures using laser-assisted nanoimprinting of microparticles has been reported [4] . Arbitrary patterns and individual features at nanoscale have been achieved by employing a microsphere to focus a laser beam [5] . Surface-enhanced Raman scattering is mainly caused by the enhanced optical field on the surface of a metallic nanoparticle with localized surface plasmon resonance [6] . Another kind of near-field laser focusing is that induced by atomic force microscopy (AFM) tips. Nanoscale temperature probing of silicon under AFM tip focused laser heating has been conducted using Raman thermometry [7] .
In laser-assisted nanolithography using microparticles, very high temperature rise and stress can be induced. Knowledge of the thermal and stress information in the near-field heating region under particles is critical for process control and optimization. Theoretical simulations about particle-induced near-field focusing have been reported in the past. Calculations of the intensity enhancement near a dielectric particle under laser illumination were performed based on the Mie scattering theory [8] . Electric field distributions within a particle above a substrate under laser irradiation were obtained [5, 9, 10] . Moreover, the temperature of a substrate beneath particles with laser irradiation was calculated [10, 11] . The thermal response inside the substrate under laser-irradiated particle is very difficult to probe experimentally as the near-field focusing area is immediately below the particle at the nanoscale. In our previous work, the temperature information inside silicon under selfassembled particles induced laser heating has been retrieved [12] . Far-field nanoscale imaging of conjugated thermal, mechanical (stress) and structural effects was also conducted on twodimensional array of particles [13] . However, the measured temperature rise and stress is a collective effect by many particles. No effort has been reported on the Raman scattering and thermal probing in single particle and single fiber induced near-field focusing. It is always of great interest to study the laser focusing behavior in a substrate under a single particle and a single fiber.
In this work, far-field nanoscale mapping of conjugated structural, thermal, and stress effects in silicon beneath a single microparticle and microfiber is conducted for the first time using Raman spectroscopy. The structural, thermal, and stress effects are de-conjugated from the Raman mapping. The thermal response of a silicon substrate beneath single silica particle and glass fiber with laser irradiation is performed. The intensity, temperature, and stress fields inside silicon are modeled to interpret the measurement results. Our experimental work on nanoscale thermal and stress probing has great potential applications in nanolithography and nanotexturing in terms of process control and surface structure tailoring.
Experimental details
Figure 1(a) shows schematic of the experimental setup for the near-field focusing. The Raman scattering system consists of a confocal Raman spectrometer (Voyage TM , B&W Tek) and a microscope (Olympus BX51). The laser beam ( = 532 nm λ ) is focused by a 100 × objective lens ( NA=0.80 ), and uniformly distributed in space. The movements of the sample are controlled by a piezo-actuated nano-stage (ThorLabs NFL5DP20) in the x direction and a motorized micro-stage (ThorLabs MT1-Z8) in the z direction. The piezo-actuated range of the nano-stage is 20 μm with a resolution of 20 nm. The control range of the micro-stage is 12 mm with a resolution of 0.1 μm . With a locking screw, the micro-stage can remain at a desired vertical position without drift during the experiment. The incident laser used as both Raman probing and heating source is focused on a single silica particle by the objective lens. Due to the focusing effect of the particle, the laser beam is further focused on the silicon substrate and heats it up. The sample consists of several single 1.21 μm silica particles (Bangs Laboratories) and a silicon (100) substrate (University Wafer). Single particles are patterned on a wafer using a tilting technique [14] . Monodisperse particle suspensions mixed with surfactant ( triton-X : methanol = 1:400 by volume) are dispensed onto a wafer using a syringe and left to dry for 0.5 h in the air. The wafer is tilted on a table with an angle of about 10° to help with the flow of the mixture solution on the wafer. Single isolated silica particles on the silicon wafer can be identified under an optical microscope and are used for near-field optical effect probing. Figure 1(b) shows scanning electron microscope (SEM, FEI Quanta 250) images of single silica particles on a silicon wafer. The diameter of the particles is about 1.20 μm , while the laser spot size is about 0.5 μm under 100 × magnification. The laser spot size is determined using a blade method. By moving a blade along two perpendicular directions to shade the laser beam, the laser energy is found decreasing linearly with the moving distance. The laser spot length covering 90% of the laser energy is chosen to represent the spot size.
To conduct the Raman mapping experiments, a microparticle is identified under the microscope. The Raman intensity reaches its maximum value where the laser beam is focused on the particle center. A 3-D scanning process is employed to determine this focusing position. During this process, the sample is scanned along the y direction covering the particle center with a step of 53 nm. Raman spectra are obtained at all these positions and compared to determine the location where the maximum Raman intensity appears. Then the sample is moved back to the position where the maximum Raman intensity in the y direction is located. There is no sample movement in the y direction in the following process. A similar process is taken to determine the focusing position in the x direction. The scanning process in the z direction is followed in order to determine the focal level. Raman spectrum is affected by the focal level even other environmental factors are fixed. Raman intensity and wavenumber decrease, and linewidth (FWHM: full width at half maximum) broadens when the sample moves away from the focal plane in the z direction [12] . Raman intensity would decrease by at least 5% when the sample position is of 533 nm distance from the laser focal position. In the experiments, the position of the sample is adjusted near the focal plane and Raman spectra are obtained at each focal level. The focal level is selected with the highest Raman intensity in the z direction. Now the sample is located where maximum intensity exists in all the three dimensions. The position of the sample in the y and z directions is then fixed. The sample is moved away from the center of the particle in the x direction to start the mapping experiment. The sample is scanned along the x direction as shown in Fig. 1(c) . The movement is controlled electrically without any touch of the sample, stage, Raman spectrometer, microscope and other related equipment that would affect the quality of Raman signal. The variation of Raman spectra with the sample location is achieved at the nanoscale.
To evaluate the temperature rise and thermal stress in the particle-induced near-field laser focusing, experiments on silicon with single particles on its surface and bare silicon with no particles are both performed. A 3-D scanning process as mentioned above is also carried out to determine the focusing position. The incident laser is focused on one single particle on the Si substrate, and the Raman spectra are taken under four energy levels. Bare silicon is located around the particle. Raman spectra of bare silicon are obtained under four energy levels after shifting the particle away to allow direct laser irradiation on bare silicon. The integration time and measurement average are all the same (detailed later). A group of data for Raman spectra at different focal levels around the focal plane is obtained for each case. The Raman spectrum with the highest intensity is selected to represent each result. The environmental differences among those cases are extremely minimized, and the temperature rise and local stress are determined. The sample consists of a silicon substrate and a monolayer of silica particles. The spot size of the incident laser is about 0.5 μm in the x-y plane on a silicon substrate. (c) During the experiment, the position of the laser beam is fixed, and the sample moves along the x direction controlled by the nano-stage electrically without any touch of the sample and other equipment.
Results and discussion

Near-field focusing under a single microparticle
A single silica particle is identified under the confocal microscope for imaging. Raman excitation laser is focused on the single particle. Raman mapping for silicon beneath the single particle is obtained under laser irradiation of 3.7 × 10 9 W/m 2 with an integration time of 2 s. Each Raman spectrum is measured 3 times automatically and averaged. The Gaussian function is employed to fit the experimental Raman data. The particle is moved relative to the laser along the x direction within a range of 3 μm with a step of 53 nm. The Raman intensity I of silicon first increases and then decreases with the movement of sample [ Fig. 2(a) ]. The difference between the highest (I max ) and lowest (I min ) Raman intensities is 8000, with an intensity ratio (I max /I min ) of 3.86. The distance from I max decreasing to I min is 692 nm. Within a distance of 20 nm in the x direction, the intensity difference and intensity ratio are 400 and 1.08, respectively. As the intensity is the raw datum without any further processing, and it can reflect the surface change of the sample, so it is the best quality to evaluate the imaging resolution. It is conclusive that the imaging resolution based on the Raman intensity difference can be down to 20 nm, although the step length in the experiments is 53 nm.
During the imaging process, wavenumber ω first increases from 519.1 to 520.0 cm −1 , and then keeps constant. At position I in Fig. 2 (a), as part of the particle is under laser irradiation, ω starts to increase. At position II, I reaches its maximum I max , where ω is about 520.2 cm
ω continues increasing to its maximum (520.5 cm . The Raman spectrometer, excitation laser, and microscope are designed to be confocal. However, due to the accuracy of the assembling process and the vibration during the transportation of the equipment, misalignment at a scale of a few hundreds of nanometers occurs and it is difficult to avoid. For a regular sample with flat surface, the effect of the misalignment is not significant. However, the sample used in our experiment is a substrate with a focusing element (microparticle) on the surface. In addition, the diameter of the particle is comparable with the scale of the misalignment. Thus, the misalignment becomes an important factor in obtaining high measurement accuracy. In our experiments, when the sample moves relative to the laser beam, the varying angle of the scattered signal coming into the spectrometer leads to a virtual spectral change in the detector, and the variations of Raman curves are not symmetric. The relative positions of the particle to the laser beam axis and Raman signal collecting axis are corresponding to the same marks in Fig. 2(a) . At position I, the laser irradiates the right part of the particle and is focused on the substrate. As the laser beam axis is of distance from the signal collecting axis, the Raman scattering signals, which come back to the objective, are not at the focal plane. This out-offocus effect leads to the variation of Raman signals. It would decrease I and ω . At position II, the laser focal spot through the particle is coincident with the laser beam axis. Raman scattering signals are most excited and I max exists. The laser focal point is near the Raman signal collecting axis but not coincident. As a result, the out-of-focus effect still exists. ω keeps increasing and I continues decreasing when the particle moves towards position III. At position III, the laser focal spot is at the signal collecting axis of the Raman spectrometer. Raman scattering signals are accurately collected by the spectrometer. There is no out-offocus effect at position III. ω reaches its maximum because the collected Raman signals are from the focal plane of the Raman collecting optical path. I is not quite high as part of the particle is outside of the laser beam. From position III to IV, the collected Raman signal becomes more out of focus, so I and ω go down. In addition, I becomes weaker as the particle moves out of the laser beam. Based on this analysis and the distance between I max and max ω , we conclude that the laser beam axis and the Raman signal collecting optical path is off by about 319 nm under the 1210 nm particle near-field focusing. For different focusing elements, such as a microfiber, with different diameters, the focusing conditions are different due to the geometry difference. The offset of the two axes on the sample would be different, which will be demonstrated in the next section. For the nanoscale imaging based on Raman intensity, wavenumber, and linewidth, their variation against location reflects combined effects of near-field optical heating, local stress, and structural variation in space. These three effects are de-conjugated in this section to obtain quantitative information about the nanoscale local stress and temperature. To do this, the Raman spectra for silicon under a silica particle and those for bare silicon are compared. Four laser energy levels of 25%, 50%, 79%, and 100% are used in our experiments, with a full energy flux (E full ) of 3.9 × 10 9 W/m 2 . The temperature rise is first evaluated based on the Raman intensity ratio. The Raman spectra at various focal levels and sample positions are obtained. Position II, as shown in Fig. 2(a) , is selected to determine the thermal response in silicon. At position II, the laser focal spot under the particle is coincident with the laser beam axis. The excited Raman signals reach maximum. The Raman intensity at this position is the highest. When the position of the particle and other factors are fixed, the Raman intensity is mainly affected by two factors. One is the focal level in the vertical direction, and the other is the temperature rise. The intensity will change a lot even if there is only a small change in focal level. Compared with the intensity change caused by focal level, the intensity decrease induced by temperature rise is small. To make sure the focal level is selected the same for the cases at different energies, the Raman signals with maximum Raman intensities are chosen to represent the results. The Raman intensity for silicon under a silica particle ( f denotes the effect of the system optical alignment; 2 f represents the laser energy effect, which indicates that the Raman intensity change is proportional to the laser energy; 3 ( ) f T Δ is the intensity variation induced by the temperature rise; and 4 f the focusing element effect (here the element is a microparticle) including laser focusing and scattering influence. For silicon with a silica particle on its top, we have Raman intensity of silicon decreases with the increase of temperature for the reason that high temperature changes the band structure in silicon, and it restricts the photon interactions necessary to generate Raman signals. The temperature dependence of Raman intensity has been calibrated in our previous work [12] . The normalized Raman intensity of silicon decreases with temperature at a slope of −0.00249 K −1 within a temperature range of 290 -440 K. In this experiment, the normalized intensity ratios at different energy levels are determined to evaluate the temperature rise. First of all, we obtain the original intensity ratio: 
To eliminate the effect of particleinduced laser focusing condition ( 4 f ), the normalized intensity ratio is introduced as 2 2 SiO
The normalized intensity ratio is only dependent on the temperature rise, and is shown in the first panel of Fig. 3(d) . The percentage of intensity decrease determines the amount of temperature rise in silicon. According to the calibrated slope, the temperature rise ( T Δ ) increases from 13.8 to 58.5 K when the energy level goes up from 25% to 100%. The uncertainty of temperature rise can evaluated according to the uncertainty of intensity ratio at zero laser energy, which is 0.01167. Based on the relationship between intensity ratio and temperature change (−0.00249 K −1 ), the error level of temperature rise is ± 4.7 K.
In order to determine the thermal stress σ inside silicon, combined use of wavenumber ω and linewidth Γ is necessary. When the temperature of the material increases, ω decreases and Γ broadens [15] . Γ is stress insensitive to the first order, while stress causes a shift in ω [16, 17] . Considering the temperature rise and out-of-focus effect for silicon, the experimental linewidth broadening can be expressed as developed with a proportionality constant of −3.6 cm −1 /GPa [17] . This calibration is for bulk silicon. In our work, the thermal stress existing region is at nanoscale (~100 nm). Such size difference will not affect the validity of the calibration result. This is because in our work, the Raman signal collecting region is large enough for statistical average and to reflect the structure change (stress). Finally, the thermal stress σ inside silicon is acquired according to the relation, and is shown in the fourth panel of Fig. 2(d) . In Fig. 2(d with a slope of −3.6 cm −1 /GPa, so the uncertainty of thermal stress is ± 28 MPa. The thermal stress goes up as local temperature increases for the reason that the thermal stress is induced by the temperature gradient in space. The particle-focused laser beam heats up the silicon under the particle within a very small area around 200 nm in radius (detailed in the modeling section). The localized heating by the laser beam causes thermal expansion in the heated area which is constrained by the nearby cold silicon. This constraint places a compressive stress in the heated region. The stress in silicon caused by the weight of particle is negligible. Assume the diameter of the contacting area between particle and substrate is 10 nm, then the pressure
) on the substrate is only about 0.3 kPa, where ρ is the density of silica, V is the particle volume, g is acceleration of gravity, and A is the contacting area.
Near-field focusing by a single silica microfiber
To explore the near-field effect in silicon beneath a single microfiber under laser focusing, the mapping and thermal probing experiments are conducted with a 6 μm glass fiber. Figure 3 The laser is focused on the silicon after passing the glass fiber. The sample moves relative to the laser along the x direction in a range of 16 μm with a step of 267 nm. The integration time is 4 s. Figure 3(b) illustrates the variations of I, ω , and Γ with x for the first imaging experiment. As little difference is found between the two imaging experiments, only the first one is analyzed in detail. When the laser beam approaches the glass fiber, I first decreases to I min , and ω increases to max ω . This is because only a small portion of the laser beam is focused by the glass fiber at a position of about 2-3 μm away from the objective center in the x direction, and the Raman signal is mostly missed by the collecting system. At position I as shown in Fig. 3(b) , the fiber center moves closer to the laser beam axis; both I and ω start to increase after passing position I. I min is 6.132 μm , close to the fiber diameter (6.240 μm ). ω changes in a range from 518.6
to 520.8 cm −1 , and Γ varies from 8.1 to 10.6 cm −1 . The variation of Γ is contrary to that of ω . As shown in Fig. 3(b) , we see more complicated variation of ω and Γ against the location than that for the single particle discussed in the last section. This is largely due to the geometry complication induced by the large size of the fiber. Raman spectra for silicon under glass fiber and those for bare silicon are compared [ Fig.  3(c) ] to de-conjugate the combined effect of near-field optical heating, temperature, and stress variation in space. Four laser energy percentages of 25%, 50%, 79%, and 100% are used with the highest energy flux of 3.9 × 10 9 W/m 2 . Raman spectra for both cases are taken at different focal levels near the focal spot to find the highest Raman intensities. The Raman spectra at position II as shown in Fig. 3(b) are chosen for analysis, where intensity reaches its maximum. Figure 3(c) shows the Raman intensity for silicon under glass fiber (I GF ) and that for bare silicon (I Si ). Also shown in Fig. 3(c) are the related wavenumber and linewidth. The integration time for I GF and I Si is 8s and 4s, respectively. The experimental wavenumber and linewidth for both cases, and their differences increases from 137 to 230 MPa while E increases from 25% to 100%. Through extrapolation, the calculated stress is 110 MPa at 0 E = . However, it should be zero when the laser is off. There might be some reason that causes the calculated non-zero stress at zero laser energy. To adjust the calculated stresses to meet the reality, all the values are subtracted by 110 MPa. In this case, σ will be zero at 0 E = . The real compressive stress is obtained and shown in the last panel of Fig. 3(d) . σ varies from 27 to 120 MPa as E goes up from 25% to 100%. The uncertainty of temperature rise in this case is ± 1.9 K, according to the experimental error of intensity ratio at zero energy (0.00462). The thermal stress for the silicon under the glass fiber is higher than that under the silica particle at the same temperature-rise situation. The experimental wavenumber and linewidth in the fiber case vary more linearly with the laser energy than those in the particle case. These phenomena are owing to the diameter difference and focusing effect. When the size of the focusing element is larger, the laser is less focused on the substrate. While changing the laser energy filter in the experiment, there is a little change in the optical alignment, as well as the laser focusing condition. The diameter of glass fiber (6.24 μm ) is five time that of silica particle (1.21 μm ). So the focusing effect in the glass fiber is smaller, and it is less sensitive to the alignment change and out-of-focus effect. For the fiber case, ΔΓ are better than the particle case.
Physical interpretation of near-field focusing and heating
To understand the mechanism of temperature and stress rise in the silicon substrate under near-field focusing, simulation is performed to obtain the optical, thermal, and stress information. The simulation process and results for the microparticle induced laser heating with the highest energy intensity are outlined below. A uniform laser beam is focused in a substrate by a microparticle. As the silica particle is transparent to green light, the particle absorbs little laser energy. Strong energy absorption occurs in the silicon substrate under the particle within a tiny elliptical zone. The photon's energy is converted into vibrations of the molecules, giving rise of a temperature rise. The resulting thermal expansion of heated silicon is constrained by the nearby cold silicon, which induces a compressive stress in the local region. Optical field simulation for microparticle-induced laser focusing is first conducted using the high frequency structure simulator (HFSS V14). The modeled physical domain consists of a silicon substrate ( 17.22 0.428i
) and a quarter of a 1.21 μm silica particle ( 2.13 0i ε = + ) on top of it (in the air). Perfect H and Perfect E symmetry boundaries are set at symmetrical planes, and radiation boundaries are applied for the other boundary planes. A plane wave ( = 532 nm λ ) with an amplitude of 1 V/m is incident normally from the top. Other details of the optical field simulation can be found elsewhere [12] . , and E (V/m) the magnitude of the electric field. Figure 4 (a) shows the optical intensity distribution inside the silicon substrate. In the figure, si 0 / I I indicates the optical intensity enhancement in silicon relative to the incident wave. It is evident that the photon energy is confined to a tiny region near the contacting point between the particle and the substrate with a radius of about 200 nm.
The temperature field distribution inside the silicon substrate is simulated using FLUENT V12. A quarter of cylinder domain with a radius of 5 μm and a height of 10 μm is considered in the simulation. Both vertical cross-sections use symmetric boundary conditions. Because the temperature field is measured at steady state, and the heat dissipation via radiation is small, so the top end surface of silicon is set adiabatic. The peripheral and bottom end surfaces of the domain and the initial temperature of the substrate are set at 300 K. The heat source is imported from the HFSS calculation results. The heat generation rate is q Iβ =  , where I is the laser intensity, and β is the absorption coefficient. Other details of the temperature simulation can be found in refs [12, 13] . Figure 4(b) shows the temperature distribution in the silicon substrate. The calculated maximum temperature rise inside the silicon is 51.0 K, agreeing well with the experimental result (58.5 K).
The thermal stress distribution inside the silicon substrate is simulated using ANSYS V14. The model as well as the temperature distribution is imported from the FLUENT calculation. The peripheral and foot end surfaces of the model are fixed. The top boundary is not constrained. Both vertical cross-sections are symmetric. The properties of silicon employed in both temperature and stress modeling are listed in Table 1 [18] . Figure 4(c) shows the thermal stress distribution in silicon. The maximum thermal stress observed in the simulation is 30 MPa, quite different from the experimental value of 160 MPa. There are three main factors that could lead to the difference between experiments and simulation. First, the incident laser employed in the optical field simulation is a uniform plane wave, while in the experiments the laser is focused by a 100 × objective lens before it irradiates the sample. Although the laser is still uniformly distributed in space, the direction of propagation has been changed. As a result, the focal size in the experiments could be smaller, and the temperature gradient would be larger. Therefore, the thermal stress can be much higher than the simulation results. Second, when evaluating the experimental stress, the Raman linewidth is assumed entirely stress independent. However, stress may have some effects on the linewidth [19] . Finally, the experimental relationship between wavenumber and linewidth for out-of-focus effect is achieved by using pure silicon around the laser focal spot, which assumes that the out-offocus effect of silicon within the laser spot is all the same. However, while in the mapping and thermal probing experiments, both silicon signals from in-focus and out-of-focus regions are collected, and only part of the sample is out of focus. In this case, the Raman wavenumber and linewidth in the Gaussian function are actually summations of the two effects. These are different from the wavenumber and linewidth in the Gaussian function used in the out-offocus calibration, where only out-of-focus status is considered. It leads to some uncertainty in evaluating the out-of-focus effect, which could finally affect the stress calculation. 
Conclusion
In this work, nanoscale imaging of near-field focusing and heating in a silicon substrate beneath a single silica particle and a glass fiber was conducted for the first time using Raman spectroscopy. Imaging based on Raman intensity, wavenumber, and linewidth all reflected conjugated structural (near-field focusing), thermal, and stress effects. Difference in the imaging based on these three parameters was largely induced by the non-coincidence between the laser beam axis and the signal collecting axis of the Raman spectrometer. The structural, thermal, and stress effects were de-conjugated to obtain the local temperature rise and stress. Under a single 1.21 μm silica particle, the temperature rise in the near-field focusing region reached 58.5 K under a laser fluence of 3.9 × 10 9 W/m 2 , and the local stress is 160 MPa. The temperature rise and thermal stress in silicon under a 6.24 μm glass fiber induced laser heating were 33.0 K and 120 MPa, respectively. Our study under different energy levels revealed that the temperature rise and local stress increased almost linearly with the energy fluence. The optical, thermal, and stress fields in the substrate were simulated to interpret the experimental results with sound agreement.
